High soil temperatures in tropical areas limit nodulation and dinitrogen fixation by strains of Rhizobium. Several heat-tolerant bean-nodulating Rhizobium strains have been isolated previously. However, the basis of their resistance to heat remains unknown. In this study, we compared the effects of heat on symbiotic nitrogen fixation, cell survival, amino acid uptake, and protein synthesis in a heat-tolerant (CIAT899) and a heat-sensitive (CNPAF512) bean-nodulating Rhizobium strain. 30 and 33°C (15, 35, 37). Temperature dependence of nodulation and symbiotic nitrogen fixation has been shown to depend on, in addition to the plant cultivar, the nodulating strain (2, 22, 30). Several bean-nodulating rhizobia that are able to nodulate beans and fix atmospheric nitrogen on a 40/23°C (day/night) regime have been described recently (18).
Media and growth conditions. Rhizobium strains were grown in TY (0.5% tryptone, 0.3% yeast extract, 7 mM CaCl2) or yeast extract-mannitol medium (47) at 30°C. Cultures containing approximately 5 x 108 cells per ml were used in all experiments.
Viable cell counts. Cells were grown overnight at 30°C. Portions (1.5 ml) of each culture were incubated in a water bath at 40°C. Samples (0.1 ml) were removed at various times. Serial dilutions of each sample were spread onto TY solid medium and incubated at 30°C. Colonies were counted after 2 to 3 days.
To determine the induction of thermotolerance, 1.5-ml samples of an overnight culture were incubated for 1 h at 40°C or for 10 min at 45°C and subsequently shifted to 50°C. At intervals, 0.1-ml samples were removed. Controls were kept at 30°C prior to a shift to 50°C. Viable cell counts were performed as described. To inhibit protein synthesis during the 1-h preincubation period at 40°C, tetracycline was added to a concentration of 4 ,g/ml. Such a concentration inhibits cell growth at 30°C but does not affect cell viability as judged from the number of viable cells after a 1-h incubation period at 40°C in the presence of tetracycline at 4 ,ug/ml.
In vivo labeling of proteins with L-[35S] methionine and gel electrophoresis. Cultures in exponential phase were divided into 1.5-ml aliquots and preheated at the appropriate temperature for 5 min or otherwise as indicated. Rhizobium cells were pulse-labeled for 5 min with L-[35S]methionine (Amersham) added at 15 ,uCi/ml. The labeling was stopped by transfer of the samples to ice. Samples were centrifuged for 5 min at room temperature and washed twice in phosphate-buffered saline (pH 7.2) containing K2HPO4 (1.24 g/liter), KH2PO4 (0.39 g/liter), and NaCl (8.8 g/liter).
For one-dimensional (1D) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), the cell pellet was solubilized in 200 ,lI of SDS-lysis buffer consisting of (Fig. 3C) . Accumulation rates from 30 to 40°C, the intensity of most proteins in CNPAF512 d between 0.68 and 1.00 times the initial rate at 30°C. At remained unaffected or decreased ( Fig. 4A and B) . The ,the accumulation rates in CNPAF512 varied between synthesis of at least 14 proteins increased after shift up. The and 1.00 times the initial rate at 30°C (Fig. 3A) . At 40 and sizes of these heat shock proteins (hsps) were about 122, 172, (Fig. 5A) . Synthesis of the 21-kDa band was particularly strong compared with that of the other hsps. While protein synthesis in CNPAF512 decreased as a function of time, the highest intensity of the 21-kDa protein band was obtained after 20 min of incubation at 45°C. Protein synthesis had completely ceased after 60 min of incubation at this temperature.
In CIAT899, the specific synthesis of hsps was observed at 45 but not at 40°C (Fig. 4C and D) . At 40°C, the synthesis of all proteins was increased from the levels at 30°C and was maintained for at least 5 h (data not shown). At 45°C, only five major protein spots were observed. The sizes of these hsps were (Fig. SB) . The synthesis of the 21-kDa protein band was particularly strong compared with that of the other hsps and continued to show label incorporation during the first 2 h of incubation. The synthesis of hsps was also observed 5 min after shift to 46 or 47°C but was strongly reduced when the incubation temperature was shifted to 48°C and was completely inhibited at 50°C (data not shown).
To investigate whether the strongly synthesized 21-kDa protein was also present in other bean-nodulating rhizobia, their heat shock response was determined (Fig. 6) R. leguminosarum bv. phaseoli type Ila), and F98.5 (R. tropici). CIAT899 was included as a control. BR814, BR816, and F98.5 are heat-tolerant strains (18) . Protein synthesis in CFN 42 is as temperature sensitive as that in CNPAF512 (data not shown). In all strains tested, we observed the strong synthesis of a low-molecular-weight protein with an apparent molecular mass ranging between 19 and 21 kDa. This protein is present in heat-tolerant as well as in heat-sensitive strains. Whether this protein is related to other known hsps remains to be determined.
Acquired thermotolerance. The capacity of adapting to high temperatures by a short pretreatment at a sublethal temperature has been documented for a great variety of cell types. We observed survival after 30 min at 50°C enhanced by as much as 4 orders of magnitude compared with the controls when cells were preincubated at 40°C (Fig. 7) . When cells were preheated at 45°C, cell viability after 30 min at 50°C was 100-fold higher than in the control culture. To determine the role of protein synthesis in the acquisition of thermotolerance, tetracycline, an inhibitor of protein synthesis, was added during the preincubation period. Cells incubated at 40°C in the presence of tetracycline (4 pLg/ml) were as thermosensitive at 50°C as cells kept at 30°C during the preincubation period. 
DISCUSSION
R. tropici CIAT899, in contrast to R. leguminosarum bv. phaseoli CNPAF512, is able to nodulate beans and fix atmospheric nitrogen on a diurnal 40/23°C (day/night) regime. The ability to fix nitrogen was assessed on the basis of total N accumulation in shoots (18, 28a) .
In this study, we have compared the effects of heat on the rates of nitrogen fixation, cell survival, amino acid uptake, and protein synthesis in CIAT899 and CNPAF512. From our data, it appears that the symbiotic performance of CIAT899 on a 40/23°C (day/night) regime is due not to its ability to fix atmospheric nitrogen at high temperature but probably to its capacity to survive the periods of thermal stress and to recover afterwards.
In (1) , and Azospirillum brasilense (45) and is probably due to the temperature sensitivity of the NifA protein, the central activator protein of nif and fix genes (5, 23, 49) .
Several observations indicate a higher tolerance of CIAT899 than of CNPAF512 to thermal stress. Firstly, survival of CIAT899 cells in liquid medium at elevated temperatures was significantly higher than that of CNPAF512 cells. Secondly, in contrast with CNPAF512, the uptake of L-[35S]methionine in CIAT899 was not affected by a temperature increase. Finally, protein synthesis in CIAT899 was less thermosensitive than in CNPAF512. At 40°C, synthesis of normal proteins in CIAT899 was maintained for at least 5 h whereas this was drastically reduced in CNPAF512 2 h after temperature shift up. The higher tolerance of CIAT899 towards elevated temperatures may allow this strain to survive periods of thermal stress. Under these conditions, nitrogen fixation activity is shut off but may resume when temperatures are lower.
The effect of high temperatures on protein synthesis has been studied in bacteria, plants, and animals. All organisms so far examined respond to a sudden increase in growth temperature by inducing the synthesis of a small number of hsps (24, 32) . Some of them have been highly conserved throughout evolution (3, 4, 14, 28) . The induction of the heat shock response in Escherichia coli involves the synthesis of at least 20 proteins (31) . Although the exact function of the heat shock response remains unclear, hsps have been shown to be involved in important cellular functions such as the initiation of DNA replication (34, 40) , transcription (43, 48) , protein synthesis (46), the correct folding of proteins, the assembly of multiprotein complexes (9, 10) , and protein degradation (11) . Several hsps or homologs thereof have been shown to be involved in the processes of nodulation and nitrogen fixation. GroEL may assist in the correct folding or assembly of Rhizobium meliloti NodD into an active form (25) . In K pneumoniae, GroEL interacts with several Nif polypeptides and determines their rates of synthesis and levels of accumulation (12) . In B.
japonicum, the anaerobic expression of a GroEL homolog is dependent on NifA and NtrA (7). The R. fredii NolC protein, involved in cultivar-specific nodulation of soybean, is homologous to the E. coli hsp DnaJ (20 The phenomenon whereby cells can adapt to high temperatures when they are first exposed to a sublethal dose of heat has been termed acquired thermotolerance. In several organisms, the appearance of thermotolerance has been correlated with the production of hsps (24) . Several hsps, including hsp70, strongly conserved over large taxonomic distances, have been shown to be directly implicated in acquired thermotolerance (16 Although resistance to temperature stress may constitute a prerequisite for symbiotic nitrogen fixation in tropical areas, heat may also affect other properties. High temperatures have been shown to affect the stability of the symbiotic properties of Rhizobium strains. The loss of Rhizobium symbiotic effectiveness at elevated temperature was attributed to deletions or to the curing of the symbiotic plasmid (44, 50) . In R. tropici strains, the symbiotic plasmid seems to be particularly stable, even after prolonged incubation at high temperature (27) . In addition to the resistance of CIAT899 to thermal stress, the stability of its symbiotic properties may constitute a second advantage in tropical and subtropical areas.
